The fundamental-measure theory ͑FMT͒ of Rosenfeld for hard spheres is extended to inhomogeneous associating fluids on the basis of Wertheim's first-order thermodynamic perturbation theory ͑TPT1͒. The excess intrinsic Helmholtz energy, which includes contributions from hard-sphere repulsion and from intermolecular bonding, is represented as a functional of three weighted densities that are related to the geometry of spherical particles. In the absence of association, this theory is the same as the original FMT, and at bulk conditions it reduces to TPT1. In comparison with Monte Carlo simulation results, the extended fundamental-measure theory provides good descriptions of the density profiles and adsorption isotherms of associating hard spheres near a hard wall. Calculated results indicate that the critical temperatures for the vaporliquid equilibria of associating fluids in hard slit pores are suppressed compared with that for the bulk fluid and the confinement has more significant impact on the liquid side than the vapor side of the coexistence curve. Unlike nonpolar fluids at similar conditions, saturated associating liquids in hard slit pores do not exhibit strong layering near the solid surface.
I. INTRODUCTION
Fluids near solid surfaces are commonplace in nature and in engineering, as encountered, for example, in gas storage, oil recovery, heterogeneous catalyst reactions, and removal of various pollutants. Whereas theoretical methods for predicting equilibrium properties of inhomogeneous nonpolar fluids are now well documented, 1 much less understood are the properties of confined associating fluids, including water and asphaltene-containing crude oils in reservoir pores.
Molecular simulations, integral-equation approaches, and density-functional theories are routinely used to investigate the properties of simple ͑i.e., nonassociating and monomeric͒ systems at inhomogeneous conditions. However, because of the anisotropic association interactions, molecular simulations are often computationally intensive and analytical theories that give faithful representation of the local fluid structure are yet to be developed. 2 The interplay between chemical association and inhomogeneity makes the phase behavior of confined associating fluids interesting but difficult to predict. 3 For bulk associating fluids, Wertheim's thermodynamic perturbation theory 4 -7 provides a relative simple yet accurate description of thermodynamic properties. With extensions to take into account van der Waals attraction and chain connectivity, Wertheim's theory has been used extensively for describing vapor-liquid equilibria of associating fluids and polymers. [8] [9] [10] [11] Applications to inhomogeneous systems have been proposed recently. [12] [13] [14] [15] [16] [17] Most current applications of Wertheim's theory are limited to the first-order perturbation that takes into account only the structure of corresponding hard-sphere reference system. While the second-order perturbation theory is more accurate and provides the structure of associating fluid, the computational procedure is more involved. Recently, the second-order Wertheim's theory has been extended to represent the wetting of dimerizing fluids in contact with a hard wall. 18 Integral-equation theories have been applied to investigate the density profiles of associating fluids near a hard wall. 19, 20 These methods are similar to the HendersonAbraham-Barker ͑HAB͒ theory for simple fluids in contact with an impermeable surface where the surface is represented as a distinct component. Solution to the OrnsteinZernike equation gives pair correlation functions as well as the fluid density profiles and, subsequently, thermodynamic properties. One major limit of this approach is that common closures such as the Percus-Yevick or hypernetted chain approximation are unable to predict phase transitions.
Density-functional theory has been applied extensively to describe interfacial phenomena, including adsorption, wetting, and freezing of fluids at a variety of nonuniform conditions. 21 Like a typical theory for uniform simple fluids, a density-functional theory for inhomogeneous systems is often established following a perturbation approach where hard spheres are used as the reference and attractive interactions are taken into account using mean-field approximations. For instance, Kierlik and Rosinberg 13, 14 proposed a perturbation theory for nonuniform hard-sphere-chain fluids based on Wertheim's theory for chain formation and a weighted-density-functional theory for hard-sphere mixtures. 22 Similarly, Segura et al. 14, 15 presented a densityfunctional theory that combines Tarazona's receipt for the weighted densities of hard spheres ͑Mark II͒ 23, 24 with Wertheim's theory for association. Segura's theory agrees well with Monte Carlo simulation for the density profiles of associating hard spheres near a hard wall. It has been success-fully extended to binary mixtures of associating and neutral hard spheres of equal size. 25 Using the density-functional theory by Segura et al., Pizio et al. 26 calculated the density profiles at the interface of vapor-liquid coexistence for associating fluids in slitlike pores. Also using the densityfunctional theory by Segura et al., this group investigated density distributions, wetting transitions, 27 and capillary condensations 28 of associating Lennard-Jones fluids in slitlike pores. One drawback of Segura's theory is that it gives poor results near adsorption-desorption transition. Furthermore, extension of Segura's theory to inhomogeneous mixtures containing molecules of different sizes is difficult because the Tarazona weight functions are applicable only to hard spheres of the same size. 21 Following a procedure similar to that used by Segura et al., 4 Patrykiejew et al. proposed a density-functional approach 29 for nonuniform associating fluids based on the so-called modified Meister-Kroll theory. [30] [31] [32] [33] They indicated that this method provides slightly better density profiles compared with that developed by Segura, Chapman, and Shukla. 14 In this work, we report an extension of the fundamentalmeasure theory ͑FMT͒ of Rosenfeld for hard spheres 34, 35 to nonuniform associating fluids. The FMT gives the most accurate descriptions of the structural and thermodynamic properties of inhomogeneous hard-sphere fluids. Unlike most density-functional theories for inhomogeneous systems, FMT is able to predict the structure of homogeneous bulk fluid rather than to use it as an input. It is assumed that the excess intrinsic Helmhotz energy can be expressed in the form of weighted-density approximation with the weight functions taking into account the geometric feature of a spherical particle. The local Helmholtz free energy is derived following the scaled-particle theory. The density-independent weight functions provide the fundamental measure of a spherical particle: two scalar functions representing the averages over particle volume and surface, and a surface vector function representing the density changes across the particle surface. Because these weight functions are independent of density distributions, the weighted densities in FMT are more convenient to calculate than those in most nonlocal density-functional theories. Besides, FMT can be unambiguously extended to mixtures. To extend FMT to associating fluids, we use Wertheim's first-order perturbation theory; but unlike in a typical local-density approximation, the intrinsic Helmholtz energy due to association depends on scalar as well as on vector-weighted densities. In this work the extended FMT has been used to describe the density profiles of associating hard spheres and mixtures of neutral and associating hard spheres near a hard wall or in hard slit pores. Because we are primarily concerned with the properties of the fluid phases, the original formula of FMT is used in this work but inclusion of recent developments of FMT is straightforward.
II. THEORY

A. Model
We consider a binary mixture of neutral and associating hard spheres near a hard wall or confined between two parallel hard walls ͑slit pore͒. These hard spheres are otherwise identical except some of them have four associating sites placed in the Bol fashion, i.e., the four bonding sites, designated by A, B, C, and D, are placed in tetrahedral symmetry around a spherical core. 36 The pairwise-additive two-body potential is given by 14, 25 
where r 12 is the center-to-center distance between spheres 1 and 2, 1 and 2 represent the orientations of the two spheres, and the double sum applies over all association sites. The reference potential u R represents hard-sphere repulsion, given by
where i designates hard-sphere diameter for component i. In Eq. ͑1͒, u ␣␤ represents the association potential between a bonding site ␣ on a spherical particle and a bonding site ␤ from a different sphere. Following Segura et al., 14 the association potential is
where Xi (Xϭ␣,␤;iϭ1,2) is the angle made by the vector from the center of molecule i to the site X and the vector r 12 .
As given in Refs. 14 and 25, only associations between AC, BC, AD, and BD sites are allowed and all the bonding energies are assumed to be identical. The radial limit of association is set to r C ϭ0.525( 1 ϩ 2 )/2 and the angular limit is C ϭ27°. When the hard spheres are in contact with a single hard wall, the wall potential is
where z is the distance from the center of a hard sphere to the wall. When hard spheres are confined in a slitlike hard pore, the potential due to the confinement is
where H represents the pore width.
B. Density-functional theory
The essential task of a density-functional theory for inhomogeneous fluids is to derive an analytical expression for the grand potential ⍀, or equivalently, the intrinsic Helmholtz energy F, as a functional of density distributions. For a binary mixture at given temperature T, total volume V, chemical potential i , and external potential ⌿ i (r) for each component, the grand potential is minimized at equilibrium and the equilibrium density distribution i (r) satisfies
The grand potential and the intrinsic Helmholtz energy are related by
Once we have an expression for the intrinsic Helmholtz energy, solution to Eq. ͑6͒ gives the equilibrium density profiles and subsequently, relevant thermodynamic properties.
To take into account the nonideality arising from intermolecular interactions, the intrinsic Helmholtz energy is often expressed as contributions from an ideal-gas term and an excess term due to intermolecular interactions
The ideal-gas contribution is given by the exact expression
where i ϭh/(2m i k B T) 1/2 represents the thermal wavelength with k B standing for the Boltzmann constant. For most nonideal systems, the excess intrinsic Helmholtz energy can only be evaluated approximately.
As in a typical perturbation approach, we assume that the excess intrinsic Helmholtz energy for a system of inhomogeneous associating hard spheres consists of two terms, the first from the hard-sphere reference system and the second from perturbation
where ⌽͓n ␣ (r)͔ stands for the excess Helmholtz energy density, and the superscripts ''hs'' and ''assoc'' denote, respectively, hard-sphere repulsion and association. This decomposition of Helmhotz energy follows the spirit of the interparticle potential as given in Eq. ͑1͒.
Reference hard-sphere system
The fundamental-measure theory of Rosenfeld provides an expression for the excess intrinsic Helmholtz energy due to hard-sphere interactions. In this theory, the excess intrinsic Helmholtz energy density is represented as a function of six scalar and vector weighted densities n ␣ (r),
where ␣ϭ0, 1, 2, 3, V1, V2. Among the six weight functions w i (␣) (r), three of them characterize the geometry of a spherical particle: two scalar functions are related to volume and surface area, and a vector function is related to the gradient across a sphere, i.e.,
The other three weight functions are proportional to the above geometric functions:
In Eqs. ͑12͒-͑15͒, R i is the hard sphere radius, ⌰(r) is the Heaviside step function, and ␦(r) is the Dirac delta function.
For 0р␣р3, the weighted densities n ␣ (r) have the units of ͓n ␣ ͔ϭ(volume)
. The vector-weighted density n V1 has the same units as n 1 (r) and n V2 has the same units as n 2 (r).
From the scaled-particle differential equation, Rosenfeld derived the following excess Helmholtz energy density for nonuniform hard spheres 37 where
In Eqs. ͑18͒ and ͑19͒, n V1 and n V2 are vectors, and n V1
•n V2 is a dot product. In the limit of a homogeneous fluid, the two vector-weighted densities n V1 and n V2 vanish, and the Helmholtz energy becomes identical to that derived from the Percus-Yevick theory. Equation ͑17͒ is exact in the limit of one-dimensional hard-rod fluid. 39 The first and second terms on the right-hand side of Eq. ͑16͒ give a reasonable approximation for the Helmholtz energy of hard disks. Corrections to the third term on the right side of Eq. ͑16͒ have been proposed to improve the performance of the fundamental-measure theory in reduced dimensionality. 39, 40 In this work we use the original expression because the focus here is on the equilibrium properties of nonuniform fluids, for which the corrections have only marginal effects.
In the limit of a uniform fluid, the density distribution for each component becomes the corresponding bulk density, i (r)ϵ b,i , and the scalar-weighted densities coincide with the variables of the scaled-particle theory for bulk hard spheres
Perturbation
For a bulk associating fluid, the Helmholtz energy density due to associations is given by
where M i is the number of association sites per molecule of species i, ␣ b,i is the fraction of molecules of component i not bonded at site A. In Eq. ͑21͒, ␣ b,i is calculated from
where 
with m ϭ(/6) ͚ iϭ1 2 i i m , mϭ0,1,2,3, and i j ϭ( i ϩ j )/2. Following Segura et al., 14, 25 we use Kϭ1.4849 ϫ10 Ϫ4 3 in the following calculations. The excess Helmholtz energy due to association is taken into account using the weighted-density approximation. To extend Eq. ͑21͒ to inhomogeneous systems, intuitively we may replace 3 , 2 and b,i in Eqs. ͑21͒-͑23͒ with, respectively, n 3 , 1 6 n 2 and n 0i as suggested by Eq. ͑20͒. This approach includes only the scalar-weighted densities in calculating the Helmholtz energy. In order to take into account the vector-weighted densities, we introduce two proportional factors i ϭ1Ϫn V2i •n V2i /n 2i 2 and ϭ1Ϫn V2 •n V2 /n 2 2 , to ''correct'' the weighted densities n 0i , n 2 , and n 2 2 . In other words, we replace 3 , 2 , 2 2 , and b,i in Eqs. ͑21͒-͑23͒ with n 3 , 1 6 n 2 , 1 36 n 2 2 , and n 0i i , respectively. In this case, the Helmholtz energy density of association becomes
where A (i) (r) is the fraction of molecules i at position r not bonded at site A, and it is obtained from
where
Once we have an expression for the intrinsic Helmholtz energy, minimization of the grand potential with respect to the density distributions ͓Eq. ͑6͔͒ leads to the EulerLagrange equation
where c i (1) ͓r, 1 (r), 2 (r)͔ is the one-particle direct correlation function, obtained from
At equilibrium, the chemical potentials of all species remain constant. When the confined fluid is in equilibrium with a bulk phase, the chemical potential can be calculated from
where the first term on the right-hand side comes from the idea-gas reference state, the hard-sphere term i ex,hs is from the scaled-particle theory, 41 and the association chemical potential is calculated from Wertheim's thermodynamic perturbation theory. 4 -10 
III. RESULTS AND DISCUSSION
We apply the Picard-type iterative method to solve the Euler-Lagrange equation ͓Eq. ͑28͔͒. For hard spheres near a hard wall or within slit pores, the density distributions vary only in one direction. To avoid divergence, it is necessary to mix the new and old density profiles in certain proportions during the iteration process, i.e.,
The mixing parameter f varies from 0.01 at high densities ( b *у0.9) to close to unity at low densities. The exact value is obtained by trial and error method. The weighted densities and the integrals in Eq. ͑29͒ are evaluated by a trapezoidal rule with a mesh width equal to 0.01 for a satisfactory numerical accuracy. The iterations terminate when the maximum difference between two subsequent density profiles is smaller than 10 Ϫ7 . Once the density profiles are obtained, the fractions of molecules i at position z not bonded at site ␣ are calculated from 42 
␣
where g
is the contact value of the hard-sphere pair correlation function at the bulk density b,i . With the assumptions that all four sites are equivalent regardless of the distance from the hard wall, the fraction of monomers can be approximated by
The surface excess for component i at the hard wall is related to the density profile by
where i (z) i 3 is the local reduced number density and b,i (z) i 3 is the reduced number density in the bulk.
A. An associating fluid near a hard wall
The following comparison between the densityfunctional theory and simulation results is based on the same set of parameters for intermolecular potentials and bulk densities. No adjustable parameter is used. In all these calculations, the particles have the same diameter . The definition of the reduced temperature and reduced density are given by, respectively, T*ϭk B T/ and *ϭ 3 , where is the site bonding energy. Figure 1 shows the density profile of associating hard spheres at temperature 1/T*ϭ5 and bulk density b * ϭ0.9036 near a hard wall predicted from the extended fundamental-measure theory. Also shown in Fig. 1 are the corresponding results from Monte Carlo simulation and from the density-functional theory proposed by Segura et al. 14 Figure 1 does not include the results from the inhomogeneous version of Wertheim's theory because it gives much too high peaks in the density profiles. In this example, both density-functional theories agree reasonably well with Monte Carlo simulation results; however, the theory present here has the advantage of numerical simplicity because the weight functions are independent of density.
Figures 2-5 compare the density distributions of associating hard spheres near a hard wall predicted from the extended fundamental-measure theory with those from molecular simulations at four average reduced densities: *ϭ0.2, 0.5, 0.75, and 0.942, and for each densities, three reduced bonding energies: /k B Tϭ3, 5, and 7. In most cases the present theory provides satisfactory density profiles except near the freezing point, where it slightly overestimates the contact values. Similar discrepancy has been observed when FMT is applied to hard-sphere fluid near a hard wall. Figure 2 indicates that at a low overall average density, the associating hard spheres are adsorbed to a hard wall when the bonding is weak but become depleted from the wall when the bonding energy is sufficiently high. Adsorption at small association energy is due to the excluded volume effect as occurred in a neutral hard-sphere system. At high association energy, the surface effects extended far from the wall, which suggests a long-range solvation force. In this case, the present theory slightly overestimates the density distributions in the depletion zone. As density increases, the density profiles shift toward the wall, as shown in Figs. 3 and 4 . It is interesting to note that in Fig. 3͑c͒ , where the overall reduced density equal to 0.5 and 1/T*ϭ7, associating hard spheres are slightly desorbed from the hard wall and, due to the cancellation of association and excluded volume effects, the density distribution appears uniform. The simulation data in Fig. 3͑c͒ are from Patrykiejew et al. 27 Figure 5 presents the density distributions of associating hard spheres when the bulk density is close to the hardsphere freezing point. While the extended FMT theory predicts accurate peak positions, it gives slightly too high contact values. The discrepancy probably arises from the approximations used in the FMT.
The local fraction of unbonded associating hard spheres is calculated from Eq. ͑32͒. Figure 6 gives the monomer fraction 0 (z) as a function of the distance from the hard wall for the systems as given in Fig. 2 . Monomer fraction falls away from the wall because the presence of the wall blocks some bonding sites. While in general the theory agrees well with simulation results, Fig. 6 indicates that the discrepancy increases with the association energy. All the monomer profiles exhibit a change in slope at zϭ. This cusp is related to the integral in Eq. ͑32͒ and the approximation that bonding occurs only at hard-sphere contact.
14 Specifically, if a molecule sits at zϽ, its association with a second molecule on the wall side is restricted by the excluded volume effect; while far from the wall (zϾ), the wall has little effect on intermolecular bonding and 0 (z) is almost constant. Figure 7 shows calculated and simulated adsorption isotherms of the four-site associating hard-sphere fluid near a hard wall at 1/T*ϭ0, 5, and 7. All three adsorption isotherms correspond to supercritical conditions ͑the corresponding equation of state for bulk fluids gives the critical temperature /k B T c ϭ1/T c *ϭ7.76͒. At a low bonding energy, the surface excess increases monotonically with the bulk density. However, when the bonding energy is sufficiently high, the surface excess first decreases with the bulk density ͓due to the depletion effect as shown in Fig. 2͑c͔͒ , exhibits a minimum, and finally rises as the density is further increased. The desorption to adsorption transition of associating hard spheres can be explained by the competition between excluded-volume and bonding: the excluded volume favors accumulation of hard spheres near the wall but because the wall is neutral, bonding between hard spheres are restricted close to the wall. At low densities and high bonding energies, the association effect prevails and the density profile shows depletion, whereas at conditions of high density and low association energy, in contrast, the density profile is dominated by the excluded-volume effect, leading to adsorption. The adsorption isotherms predicted by the density-functional theory are in good agreement with results from molecular simulation at both high and low association energies.
B. Binary mixtures of associating fluids near a hard wall
We also investigated the density profiles of binary mixtures of neutral and associating hard spheres near a hard wall. For comparison with simulation results, all hard spheres considered here have the same size. Figures 8 -10 show the ratios of hard-sphere density to associating sphere density, n (z)/ a (z), and the normalized density profiles of associating spheres, a (z)/ b,a , as functions of the distance from the wall at several bulk densities and temperatures. Here a (z) represents the density distribution of four-site associating hard spheres, n (z) is the density distribution of neutral hard spheres, and b,a is the bulk density of associating hard spheres. Figure 8 compares the density profiles calculated from the extended fundamental-measure theory with those from Monte Carlo simulation results 25 at b *ϭ0.1996, b,a * ϭ0.1014, 1/T*ϭ7. Both theory and simulation show a depletion of associating particles near the hard wall. As discussed earlier, that depletion is induced by the reduction of the accessibility of the bonding sites. Close to the hard wall the density of associating spheres falls initially and then increases with the distance. Figures 8͑a͒ and 8͑b͒ indicate while the extended fundamental-measure theory catches the essential details, it overestimates slightly the local density near the wall. Figure 9 gives the density profiles at the same reduced temperature as that given in Fig. 8 25 Figure 9 shows that Segura's theory underestimates the depletion effect and, consequently, the ratio of local densities for hard spheres and associating spheres. Both theoretical methods correctly predict the little kink around zϭ1. In Fig. 9͑b͒ , the trough near the wall is enhanced in comparison with that in Fig. 8͑b͒ . Figure 10 presents the ratio of the local densities of hard spheres and associating spheres as well as the density distribution of associating spheres near a hard wall at b * ϭ0.7173, b,a * ϭ0.3604, and 1/T*ϭ5. Both density and temperature here are higher than those in Fig. 9 . In this case, the density profiles are dominated by the excluded-volume effect so that even associating spheres show adsorption to the wall. It is interesting to note that the ratio of local densities of hard spheres and the associating spheres shows a maximum at an intermediate density ͓Figs. 8͑a͒, 9͑a͒, and 10͑a͔͒. Figures  8 -10 indicate that the extended fundamental-measure theory predicts the local compositions and density profiles in favorable agreement with those from molecular simulations. Figure 11 shows the fraction of unbonded associating hard spheres as a function of the distance from the hard wall for the three binary mixtures considered in Figs. 8 -10 . The extended fundamental measure theory works best for the case corresponding to b *ϭ0.7173, b,a * ϭ0.3604, and 1/T* ϭ5 while it underestimates the monomer profile for the other two cases. In all cases the local density of monomers exhibits a change in slope at zϭ.
C. Capillary condensation in a slitlike pore
We now apply the extended fundamental-measure theory to investigate the phase behavior of the associating hard spheres in slitlike hard pores. For the vapor-liquid equilibrium of confined fluids, the coexistence point is found by the equality of the grand canonical potentials ⍀ for the two distinct density profiles at a fixed temperature T and chemical potential . In other words, at vapor-liquid equilibrium, two sets of density distributions can be found that give the same minimum grand potential. The average density in the pore av is calculated from
When the pore width is infinite, the average densities in the pore correspond to those for saturated bulk vapor and liquid phase, i.e., av ϭ b . In this case, the requirement of equal grand potential between vapor and liquid phases at constant temperature, volume, and chemical potential is equivalent to that of equal in pressure because for a bulk fluid, the grand potential is ⍀ϭϪPV. Figure 12 shows the vapor-liquid coexistence curves for the bulk and for the confined associating hard spheres at the pore width equal to Hϭ10 and 20. As for confined nonpolar fluids, the coexistence curves in the slit pore are narrowed and the critical temperatures are depressed relative to that for the bulk case. The density for the liquid side of the coexistence curve is considerably lower than that for the bulk because the depletion of associating spheres from the hard walls leads to a low value of the average density. The insert plot in Fig. 12 magnifies the vapor side of the coexistence curves. The condensation density of confined associating hard spheres within a hard slit pore could be higher or lower than that corresponding to the bulk phase, depending on the system temperature. The confinement causes a small decrease in the critical density. The entire phase diagram for associating fluid is shifted toward lower temperatures and lower densities in comparison with the corresponding bulk phase diagram. Simulation results are not presented in Fig.  12 because we are not aware of any data for the vapor-liquid coexistence of confined associating fluids. Figure 13 shows the density profiles of the saturated vapor and liquid phases at two pore widths given in Fig. 12 .
Here the reduced density of the liquid phase is about 0.3, close to that given in Fig. 2͑c͒ . These relatively smooth density profiles are dramatically different from those for confined nonpolar fluids where strong oscillation in density distributions has been observed.
IV. CONCLUSIONS
A new density-functional theory is presented to describe the behavior of associating hard spheres near a hard wall or within hard slitlike pores based on the fundamental-measure theory in conjunction with Wertheim's thermodynamic perturbation theory. Extensive comparison with Monte Carlo simulation results for the density profiles, the fraction of monomers, and adsorption isotherms of associating hardsphere fluids near a hard wall indicates that the current theory is fairly accurate except near freezing where it slightly overestimates the contact values. As observed in Monte Carlo simulations, the calculations presented here confirm that association has significant effect on the adsorption/ desorption of molecules near a hard-sphere surface. The large depletion zone of associating hard spheres near a hard wall suggests that the solvation force in an associating fluid could be long ranged.
We also calculated the vapor-liquid coexistences of confined associating hard spheres in hard slit pores. In general, the confinement depresses the two-phase region, as observed in inhomogeneous nonpolar fluids. The confinement has a larger effect on the liquid side of the coexistence line than that on the vapor side, probably due to the depletion of associating molecules from the hard surface. On the vapor side, the condensation density of confined associating hard spheres within a hard slit pore could be higher or lower than that corresponding to the bulk phase, depending on temperature. We found that the density profiles of coexisting vapor and liquid phases are very different from those for confined nonpolar systems.
For one-component associating hard spheres at low densities, this new density-functional theory has similar accuracy compared with the theory by Segura et al.; 14, 25 but at high densities and for mixtures, it gives better results. Because the weight functions used here are independent of density, the present density-functional theory is computationally more efficient than other nonlocal weighted density methods. Moreover, the present theory can be directly applied to mixtures of associating fluids, including those with different sizes and those containing chain molecules. 
